The Atlantic Forest is separated from the Andean tropical forest by dry and open vegetation biomes (Chaco and Cerrado). Despite this isolation, both rainforests share closely related lineages, which suggest a past connection. This connection could have been important for forest taxa evolution. In this study, we used the Saffron-billed Sparrow (Arremon flavirostris) as a model to evaluate whether the Andean and the Atlantic forests act as a refugia system, as well as to test for a history of biogeographic connection between them. In addition, we evaluated the molecular systematic of intraspecific lineages of the studied species. We modeled the current and past distribution of A. flavirostris, performed phylogeographic analyses based on mitochondrial and nuclear genes, and used Approximate Bayesian Computation (ABC) analyses to test for biogeographic scenarios. The major phylogeographic disjunction within A. flavirostris was found between the Andean and the Atlantic forests, with a divergence that occurred during the MidPleistocene. Our paleodistribution models indicated a connection between these forest domains in different periods and through both the Chaco and Cerrado. Additionally, the phylogeographic and ABC analyses supported that the Cerrado was the main route of connection between these rainforests, but without giving decisive evidence against a Chaco connection. Our study with A. flavirostris suggest that the biodiversity of the Andean and of the Atlantic forests could have been impacted (and perhaps enriched?) by cycles of connections through the Cerrado and Chaco. This recurrent cycle of connection between the Andean and the Atlantic Forest could have been important for the evolution of Neotropical forest taxa. In addition, we discussed taxonomic implications of the results and proposed to split the studied taxon into two full species.
Introduction
According to the refugia hypothesis (Haffer, 1969; Haffer and Prance, 2001) , Pleistocene climate cycles have driven speciation by promoting contraction, fragmentation and expansion of rainforest ranges, which in turn allowed for vicariance, divergence and secondary contact. Most discussions concerning the refugia hypothesis have been focused on the intra biome level, for example within the Amazon or within the Atlantic Forest (Cabanne et al., 2016; Carnaval et al., 2009; Maldonado-Coelho et al., 2013; Thomé et al., 2010) , and less attention has been given to processes occurring among related but fully isolated forest biomes, such as the Andean and Atlantic forests or the Caatinga and Chaco dry forests Costa, 2003; Pennington et al., 2004; Werneck, 2011) .
The Andean and the Atlantic forests ( Fig. 1 ) are among the most diverse forest biomes in the world (Orme et al., 2005) . They are currently isolated from each other by dry forests and openvegetation domains: the Chaco and the Cerrado, respectively. In spite of this isolation, they share closely related lineages of rainforest dependent organisms (Faivovich et al., 2004; García-Moreno et al., 1999; Nores, 1992; Olrog, 1963) , many of them do not have a continuous range but belong to the same species in both biomes, which indicated that these rainforests have been connected in the past (Chapman, 1926) . This connection is also suggested by palynological studies (Ledru, 1993 (Ledru, , 1991 Oliveira-Filho and Ratter, 1995) , which indicate that wet forest expanded into the Cerrado and towards the Andes during the last glacial maximum, a phenomenon that could have connected forest domains. However, neither the frequency nor the type of connection between regions -i.e., if through continuous or stepping stone forests-have been studied until now.
Thus, the Andean and the Atlantic forests could act as a refugia system, and therefore their past range dynamics could have been important in the process of avian diversification in the Neotropics. Because these forested biomes are currently isolated, they might be at the isolation phase of the cycle of a refugia system. If their connection dynamics (i.e., cycles of connection and isolation) prompt cycles of vicariance and divergence, the species present in both domains should show a deep phylogeographic gap between domains, because major diversification events should have occurred between regions. Alternatively, if the dynamic of the connection allow for high and constant rates of historical gene flow, enough to preclude divergence, the shared organisms should not present a significant population gap between regions.
More specific biogeographic aspects of the connection between the Andean and Atlantic forests are still unknown, such as the geological processes involved, timing and regions that bridged these rainforests. One of the main hypothesis to explain the connection between these forests state that the contact could have occurred in the Chaco region, through gallery forests along main rivers (i.e., Bermejo and Pilcomayo Rivers, Fig. 1 ) that expanded during interglacial periods (from now on Chaco connection) (Nores, 1992; Olrog, 1963; Smith, 1962) . The Chaco connection hypothesis is mostly based on forest bird distribution patterns, and up to now there is not enough evidence from other scientific areas supporting extensive expansions of wet forests in the Chaco (Zurita et al., 2014) . Alternatively, Silva (1994) proposed that instead of through the Chaco and its main rivers, the connection occurred during glacial maxima through the southern Amazon forest and through expansions of forests into the Cerrado (from now on Cerrado connection). Forest expansions in the Cerrado are supported by some palinological studies (Ledru, 1993 (Ledru, , 1991 Oliveira-Filho and Ratter, 1995) , as well as by niche models of the Atlantic Forest biome (Carnaval and Moritz, 2008; Sobral-Souza et al., 2015) and of its organisms (Cabanne et al., 2016; Thomé et al., 2010) .
We are not aware of any study specifically oriented to test alternative hypotheses on the Andean-Atlantic forests connection. These hypotheses could be tested by niche models and phylogeographic studies of rainforest species that are present in both regions. For instance, species distribution models would help to test connection routes by estimating potential distributions of forest taxa across different geographic regions and periods (Elith and Leathwick, 2009; Soberon and Peterson, 2005) . Also, from the genetic standpoint and a cladistic biogeography paradigm, the phylogenetic position of populations occurring in-between the Andean and the Atlantic forests would shed light onto the biogeographic history of both regions. For instance, if samples of wet forest taxa from gallery forests in the Chaco (e.g., along the Pilcomayo and Bermejo rivers, Fig. 1 ) are sister groups to populations from the Andes or from the Atlantic Forest, a connection through the Chaco would be supported.
In this paper we studied the Saffron-billed Sparrow (Arremon flavirostris) to evaluate the contact between these forest domains. A. flavirostris inhabits the understory of moist and semideciduous forests of the base of the central Andes and of the interior Atlantic Forest, as well as gallery forests of the eastern Chaco and of the central and southern Cerrado (Fig. 2a) (Rising, 2011) . Although strict categorization of Andean-Atlantic forests core species versus Andean-Atlantic-gallery forests species is simplistic, we view A. flavirostris as not strictly Andean-Atlantic forests core species. However, it is a good study model to evaluate the working hypotheses on the Andean-Atlantic forests connection because it inhabits both the moist forest domains and the gallery forests (i.e., at the Bermejo and Pilcomayo Rivers, Figs. 1 and 2) that could have been directly involved in bridging the moist domains. The characterization of the evolutionary relationships of populations from these gallery forests is essential to understand the biogeographic processes that occurred between forest domains. In addition, the species is interesting from the taxonomic standpoint, because (i) it has been suggested to form a superspecies with A. taciturnus, A. aurantiirostris, A. schlegeli and A. abeillei (Rising, 2011); and (ii) because there are four subspecies described according to plumage variation (Fig. 2) , but there is not any study addressing if these subspecies are independent evolutionary lineages (but see Buainain et al., 2016) . Some of these subspecies lack a clear diagnosis and do not have a well defined geographic distribution ( Fig. 2a ; Buainain et al., 2016; Hellmayr, 1938; Silva, 1991) .
The main goal of this study is to address whether the Andean and the Atlantic forests act as a refugia system, as well as to evaluate biogeographic hypotheses on the connection between them (i.e., Chaco and Cerrado connection, Fig. 1 ). To achieve our goals we modeled the current and past distribution of A. flavirostris, performed phylogeographic analyses and tested biogeographic scenarios by using Approximate Bayesian Computation (Beaumont et al., 2002) , where specific questions were: (1) what does niche modeling indicate about the connection routes between rainforests; (2) is there a strong phylogeographic gap located between the Andean and the Atlantic forests?; (3) what is the phylogenetic position of samples from the humid Chaco (localities 5-9, Fig. 2a)? ; and (4) are the subspecies of A. flavirostris independent evolutionary lineages?
Material and methods

Ecological niche models
To study the Andean-Atlantic forests connection we modeled distribution maps of A. flavirostris by using MAXENT (Phillips et al., 2006) . MAXENT niche models are built from presence and background data, and perform well relative to other distribution modeling approaches (Elith et al., 2006) . We compiled occurrence records from our own field work, from Museu de Zoologia de Minas Gerais (Universidade Federal de Minas Gerais, Brazil), Museo Argentino de Ciencias Naturales (Buenos Aires), and from the Global Biodiversity Information Facility (GBIF; www.gbif.org). To reduce spatial autocorrelation, we randomly removed occurrence records that were less than 10 km apart from each other, which resulted in a final data-set of 95 records. See MAXENT input file in Supplementary Material I.
For the MAXENT analyses we used the 19 climate variables available at WordClim 1.4 (Hijmans et al., 2005) , with a resolution of 2.5 arc min and delimited by the following rectangle: northeastern corner x = À30.5325 and y = À1.2614 and south-western corner x = À61.1071 and y = À36.1285. Seven bioclimatic variables (BIO1, BIO4, BIO6, BIO7, BIO16, BIO17 and BIO18) were selected for the final analysis by first rejecting highly correlated variables (Peterson et al., 2011) , and then by selecting relevant variables by a rationale of permutation importance >5%. General conditions for analyses were: random test points = 25; replicates = 10; replicate type: subsample; maximum iterations = 5000. We validated current models by evaluating AUC values (Pearson et al., 2007) .
We projected the niche model to three past periods: (1) , 2006) . We obtained binary maps by using a threshold of equal training sensitivity and specificity.
Samples for the genetic study
We sampled 56 A. flavirostris, covering 24 localities of the entire species distribution and subspecies spectrum (Fig. 2a) . We took special attention in sampling localities in between the Andean and the Atlantic forests that are in the putative corridors between regions (Nores, 1992; Silva, 1994) : localities 12-14 at western Cerrado; and localities 5-9, which are associated to the gallery forests of the Pilcomayo and Bermejo Rivers, in the Chaco. It is worth noting that localities 5-9 are key to our study because they are located where the Andean and the Atlantic forests are at their closest point. To confirm the monophyly of the focal species we constructed a phylogeny that sampled its putative most closely related species (Raposo, 1997; Sick, 1986) : A. aurantiirostris, A. semitorquatus, A. schlegeli and A. franciscanus. See Appendix A Table A .1 for information on the samples and sequences used in this study.
DNA amplification and sequencing
DNA was purified from muscle, blood or toe pads. DNA from fresh tissue was extracted following a glass fiber-based extraction protocol (Ivanova et al., 2006) . DNA from toe pads was purified in an isolated laboratory, using a DNeasy Blood & Tissue Kit (QIAGEN) and with the addition of Dithiothreitol to the digestion buffer in a final concentration of 11 mg/ml.
We studied two mitochondrial genes: Cytochrome c oxidase subunit I (COI, 678 bp) and Cytochrome b (CytB, 978 pb). Because we were unable to get clean CytB sequences in about 50% of the samples, these sequences were only used to estimate a substitution rate for COI (see below). We also studied three nuclear markers: intron 5 of the Autosomal Beta-Fibrinogen gene (FIB5, 534 bp), intron 9 of the Z-linked Low Density Lipoprotein Receptor gene (VLDL9R, 400 bp), and intron 11 of Glyceraldehyde-3-Phosphodehy drogenase (G3PDH, 258pb). See primers and PCR conditions in Supplementary Material II, and GenBank accession numbers in Appendix A Table A.1.
Nuclear sequences that contained heterozygous indels were analyzed to resolve haplotypes by using the algorithm Process Heterozygous Indels in CodonCode Aligner v. 3.7 (Codon Code Corp., Dedham, MA). Also, we resolved the gametic phase of nuclear markers without indels by using PHASE (Stephens and Donnelly, 2003) , as implemented in DnaSP (Librado and Rozas, 2009) . We used the PHI test (Bruen et al., 2006) , as implemented in SplitsTree4 (Huson and Bryant, 2006) , to test for genetic recombination.
Phylogenetic and divergence time estimations
We performed Bayesian Inference (BI) and Maximum Likelihood (ML) phylogenetic analyses. First, to confirm monophily of A. flavirostris, we analyzed a concatenated sequence of COI and VLDL9R (total 1078 bp). Second, to study relationships within A. flavirostris we analyzed a concatenated sequence of COI, FIB5, VLDL9R and G3PDH (total 1870 bp). We analyzed heterozygous sites in nuclear markers as polymorphic characters, and not as ambiguous sites (N). We used MrModelTest (Nylander, 2004) and the Akaike information criterion to select nucleotide substitution models: for COI, model HKY + I; for FIB5, GTR + I; for VLDL9R, HKY and for G3PDH, GTR.
BI analyses were performed in MRBAYES 3.1 (Ronquist and Huelsenbeck, 2003) , with two parallel runs, using one 'cold' and three 'hot' chains, for a total of 50 million generations and sampling every 1000 generations. The alignments were partitioned by DNA marker, analyzed under the best-fit model for each partition, and allowing different rates across regions. We used a 25% burn-in and a 50% majority rule consensus tree was calculated to obtain the posterior probabilities for each node. We used GARLI 2.0 (Zwickl, 2006) for ML phylogenetic analyses, with a search of 50 million generations. The best fit model of molecular evolution was considered for each marker, and nodal support was evaluated with a nonparametric bootstrap (500 replicates).
We used BEAST 1.8 (Drummond et al., 2012) to estimate node divergence times. We used unlinked substitution rates and clocks across partitions, a Yule tree prior, constant population size, and a relaxed uncorrelated lognormal clock for each gene tree. VLDL9R, we used a substitution rate of 1.35 Â 10 À3 s/s/Myr and of 1.62 Â 10 À3 s/s/Myr, respectively (Ellegren, 2007) . The final analysis used a burn-in of 10%, 100 million of generations, and sampled every 1000 generations. We estimated divergence time and gene flow between populations using all the genetic markers with the IMa2 software (Hey and Nielsen, 2004; Nielsen and Wakeley, 2001) . We did two sets of analyses. First, because the IMa2 infile requires a resolved topology, and the population phylogeny was not fully resolved, we performed three different runs, each with one of the possible resolved four-population topologies (Fig. 3 , models III-V). Since the three runs produced comparable results, we chose randomly a run to provide the parameters of interest. Second, because we were unable to get full confidence interval for the divergence time between the Andes and the Atlantic populations, we also used a two-populations model to estimate this specific time parameter.
The two-population model violated one assumption of the IMa2 analysis, because the mtDNA was not panmictic (Fig. 2) . However, we considered time and gene flow values as valid because they overlapped with those point estimations obtained with the above mentioned four-population models. General conditions of the analysis were: -q50, -t6.5, -m4, -b2000000, -l0.5, -d1000, -kfg, -hn40, -ha0.99 and -hb0.75. We assumed a generation time of one year and converted coalescent times to years according to user's manual and the same substitution rates used in the BEAST divergence time analysis.
Population genetic structure
We employed BAPS v6.0 (Corander et al., 2008) to estimate the most likely number of genetically differentiated populations. For each marker we surveyed the probability of different number of genetic clusters (K = 1 to K = 20) under the models of ''mixture analysis" and ''spatial clustering of individuals". To further asses population genetic structure we estimated uncorrected distances, performed an Analysis of Molecular Variance (AMOVA) and estimated pairwise U st values in ARLEQUIN 3.5 (Excoffier and Lischer, 2010 ).
Population genetic metrics
We estimated for each marker and population the nucleotide (p) and haplotype (h) diversity in DNAsp 5.1 (Librado and Rozas, 2009 ). We also estimated for each population the multilocus diversity parameter h (theta), using the Extended Bayesian Skyline Plot approximation in BEAST. For estimating current h-values we used all markers (except cytB) and similar analytical conditions used for the divergence time analysis in BEAST, with the exception of using a strict molecular clock (Heled and Drummond, 2010) . Additionally, to test for deviation from neutral evolution or constant population size, we estimated Tajima's D (Tajima, 1989) in DNAsp 5.1 (Librado and Rozas, 2009) . 
Testing biogeographic scenarios using ABC
We used an Approximate Bayesian Computation (ABC) approach (Beaumont et al., 2002) to explore the fit of the observed genetic data to hypothetical population models of the contact between the Andean and the Atlantic forests. For this test, we considered clusters described by BAPS and with COI sequences as demographic units (populations, Fig. 2) . The evaluated models considered putative different population scenarios product of contacts between the Andes and Atlantic Forest populations (Fig. 3) . It is worth mentioning that each scenario tested could have been originated by vicariance or dispersion between regions. We interpreted sharing a common most recent ancestor between populations as evidence of connection between regions. Specifically, populations CCAF and CSAF (Figs. 1 and 2) included samples from gallery forests at the Cerrado, thus they represent a link through the Cerrado. Also, population Ch had samples from gallery forests associated to the main rivers of Chaco (Figs. 1 and 2), thus it represents a link through the Chaco. We also used null models (Models I and II of Fig. 3) , where we expected a non-significant fit of the observed data. In addition, we explored models where populations were arranged in an island system, without any hierarchical relation- A. aurantiirostris ships among populations. However, we did not consider the results of these island models because the test was inconclusive. See Supplementary Material II for full results. Finally, we did not thoroughly explore double contact scenarios (e.g., through Cerrado and Chaco) because the assay was not conclusive too.
For coalescent simulations we only modeled the most variable markers (COI, FIB5 and VLDL9R). For each model and marker, we performed 100,000 coalescent simulations using BayeSSC (Anderson et al., 2005) . Current migration, divergence time between the Andean and the other populations, the effective size of each population and marker were estimated in IMa2 and then used as input for the simulations. See in Supplementary Material II an example of infile for BayeSSC, as well as values used for effective sample size and observed migration.
The ABC test used 45 summary statistics obtained from the three markers data-set. For each marker we used 15 summary statistics from populations of Fig. 2 : pairwise F st between the Andes and each of the other three populations, and for individual populations Tajima's D, as well as h and p. We estimated posterior probabilities with the algorithm mnlogistic (Beaumont, 2010) , and calculated model misclassification rates with cv4postpr, in the package abc for R and using a degree of tolerance of 0.01 (Csilléry et al., 2012) . For model comparisons we evaluated Bayes factors (posterior probability ratios) according to Kass and Raftery (1995) .
Results
Ecological niche models
The ecological niche model of A. flavirostris performed better than a random model (AUC = 0.869, Fig. 4a ). The modeled distribution for the mid-Holocene was relatively similar to the current distribution, while models for the Late Pleistocene indicated significant changes in the distributions (Fig. 4c and d) . During the LGM, A. flavirostris expanded toward the Cerrado, with some retraction in its southern distribution. In contrast, during the LIG, the species expanded into the current Chaco and contracted its range in the Cerrado. In general, these results support a double contact between the Andean and the Atlantic forests, through the Chaco and the Cerrado during different periods.
Monophyly of Arremon flavirostris
BI and ML analyses recovered A. flavirostris as monophyletic, with maximum support (Fig. 5a) . Even though previous studies reported similar results (Barker et al., 2015; Klicka et al., 2014) , only our study sampled the full intraspecific variation of the species, as well as all the closely related outgroups. For example, A. franciscanus, a species from southern Caatinga dry forests (Northeastern Brazil), was included in a phylogenetic study for the first time here. In the phylogeny of Fig. 5a , A. flavirostris is part of a polytomy involving A. schlegeli, A. semitorquatus and A. franciscanus, a relationship also indicated by other data-sets (Barker et al., 2015; Klicka et al., 2014) , and that is in disagreement with the idea of A. flavirostris being sister to A. taciturnus, as suggested by Sick (Sick, 1986) .
Intraspecific phylogeny and divergence time
BI and ML analyses recovered two main phylogroups in A. flavirostris (Fig. 5b) : an Andean clade formed by samples from Bolivia and northwestern Argentina (subspecies dorbignii); and an eastern or Atlantic clade, formed by samples from the Atlantic Forest and gallery forests within the Cerrado and the humid Chaco (devillii, polionotus and flavirostris). The samples from the Chaco (localities 5-9 in Fig. 2 ) grouped together and were one of the most genetically distant from the Andean samples, which is not in agreement with the idea of a close relationship between those regions. The samples from gallery forest in the Cerrado are intermingled in the phylogram.
As nuclear markers did not present evidence of recombination (P > 0.05), we did not split them for the IMa2 and further analyses. 3.4. Population genetic structure and summary statistics BAPS analyses with COI sequences identified four populations, while with the other markers one to two populations ( Fig. 2a and b) . Even though the number of populations varied among markers, COI, FIB5 and VLDL9R indicated the same phylogeographic gap between the Andean and the Atlantic forests. The difference in number of populations can be attributed to variable phylogeographic resolutions among markers as a product of different effective sizes and substitution rates. Therefore, we used the four-population structure described with COI for the downstream analyses ( Fig. 2): (1) Andean (An), subspecies dorbignii; (2) Cerrado and Central Atlantic Forest (CCAF), with samples from the central region of the forested biome and gallery forests at central and eastern Cerrado (subspecies flavirostris and devillii); (3) Cerrado and Southern Atlantic Forest (CSAF), with samples from southern Atlantic Forest and gallery forests at southern Cerrado, as well as subspecies devillii and polionotus; and (4) Chaco (Ch), with samples from gallery forests of the humid Chaco of subspecies polionotus. The population genetic structure based on COI sequences was corroborated by the AMOVA and pairwise U st analyses (Tables 1   and 2 ), which indicated for most markers that the highest proportion of the total genetic variation was allocated between the Andean and the Atlantic forests. Regarding the pairwise U st values (Table 2 , 50% of the markers indicated that the highest divergence occurred between the Ch and An populations, which did not support a close genetic link between those regions. Table 3 presents summary statistics of A. flavirostris' populations. Populations An and CCAF are the most genetically diverse, according to the h-values. There was a gradient of genetic diversity in the eastern part of the study region, with the highest diversity in the north (CCAF).
Testing biogeographic hypotheses with ABC
The ABC analyses tested five different scenarios (Fig. 3) . The observed summary statistics used in these tests are presented in Tables 2 and 3 . The specific ABC approach for model selection was conclusive because presented a low misclassification rate of 16 %, and because the negative controls received very low support (summed P for models I and II = 0.0317, Table 4 ). The two best-fit models invoked a Cerrado contact (models IV and V), whose summed P represented substantial evidence against a Chaco connection (summed P = 0.7475, Bayes factor = 3.39). These ABC results indicate that most of the data supported a Cerrado connection model, but without giving decisive evidence against a Chaco connection. Thus, the main connection between the Andean and Atlantic forests occurred through the Cerrado, and at the same time a minor connection could have occurred through the Chaco.
We also explored the working hypotheses with scenarios where populations were arranged in an island system. This analysis also recovered as the best-fit a model of Cerrado connection (Results shown in Supplementary Material II). However, we did consider these results because the test presented a high misclassification rate (34%).
Discussion
We studied the phylogeographic structure and paleodistribution of A. flavirostris to evaluate if the Andean and the Atlantic forests act as a refugia system, as well as to test connection scenarios between these rainforests. Our findings suggest that the Andean and the Atlantic forests act as a refugia system. Also, the results support that a main connection between these forests could have occurred through the Cerrado region, and that another connection could have occurred through Chaco.
Biogeography of the Andean-Atlantic forests connection
The results with A. flavirostris, taken together, supported an Andean-Atlantic forests main connection through the Cerrado, as well as gave low support for a contact through the Chaco. Our findings are in accordance with previous studies on the contact between these two tropical forests (Chapman, 1926; Nores, 1992; Silva, 1991) , with the exception that we propose the novel idea that biogeographic links through the Cerrado and Chaco are not mutually exclusive.
The phylogeographic study of A. flavirostris supported predictions of a Cerrado connection. First, even though the intraspecific phylogeny did not clearly evidence any contact route (Fig. 5b) , the samples from the Chaco, which are geographically closest to the Andes, are one of the most genetically distant from the Andean samples (Table 3) , which is not in agreement with the idea of a Chaco connection. Second, the ABC analysis supported as best-fit the models with Cerrado as corridor (Table 4 and Fig. 3) . Finally, the northernmost Cerrado and Atlantic population (CCAF) presented the highest genetic diversity in the region, while the southernmost population (Ch) was the least diverse (Table 2) . A higher genetic diversity in the CCAF population could imply a larger pop- Table 3 Genetic diversity and summary statistics of Arremon flavirostris' populations. Populations are based on BAPS analysis and COI sequences (Fig. 2a) . Sample size (n), nucleotide (p) and haplotype (h) diversity, Tajima's D and the population genetic diversity parameter h (theta) are indicated. 0.3837 * P, posterior probability obtained in abc for R based on the algorithm mnlogistic.
Best fit model is indicated in bold.
ulation effective size than in the Chaco, and therefore a higher probability of being source of migrants. The phenotypic variation of A. flavirstris is in agreement with a Cerrado connection between the Andean and Atlantic forests. First, its plumage pattern is not compatible with a Chaco connection. Specifically, an olive-green back coloration can be considered a shared basal state (plesiomorphic) in A. flavirostris and allies (Fig. 5a) , because it is a state present in the nearest outgroup (A. taciturnus) (Silva, 1991) . Only the Andean (An) and the Cerrado CCAF population present an olive-green back, which in the latter population is polymorphic; i.e. birds from eastern CCAF have olive-green back and from the western range have grey back (Fig. 2a) . CSAF and Ch populations have fixed grey backs. Therefore, the back coloration state shared between the An and the CCAF populations could be interpreted as a recent, or stronger, genetic link between regions, or as retention of ancestral character (Silva, 1991) . But, the fact that the Ch population presented a derived character for the back (grey), different from the primitive state of the An population (olive), did not support a recent link between Chaco and the Andes. Second, a recent study on song variation of A. flavirostris indicate that only birds from northern Bolivia (La Paz) share song characters between the Andean and the Atlantic lineages (Buainain et al., 2016) . All the other Andean populations, from central Bolivia to northwestern Argentina, have a distinct song in comparison to the Atlantic lineage. Because bird songs have an inherited component, even in an oscine bird with learned song like A. flavirostris, we interpreted this result as a support for a population link through northern Bolivia, and thus through the Cerrado.
A Cerrado connection is supported by other studies, such as palaeopalynological analyses in the Cerrado (Ledru, 1993 (Ledru, , 1991 Ledru et al., 2015; Oliveira-Filho and Ratter, 1995) , genetic studies of birds and mammals Costa, 2003) and by niche models of animals and plants (Bueno et al., 2016; SobralSouza et al., 2015; Werneck, 2011) . Even though those studies do not directly show a connection between regions, they suggest that rainforests expanded into the Cerrado in recurrent occasions, making a connection through the region highly likely and supporting a scenario of multiple contacts as proposed here.
A Cerrado connection for Andean and Atlantic forests taxa could have existed through the Bolivian foreland for the last 10 million years. In order to understand the biogeographical connection between domains it is also necessary to take in account the geological history of the region, and not only forest dynamics. For at least the last 10 million years the shortest path between the Andes and the Brazilian shields has been the Bolivian Andean foreland basin, around the Chapare Buttress, northern of both the Pantanal basin and of the limit between the Amazon and the Paraná-Paraguay basins (Lundberg et al., 1998) (Fig. 1) . Even though the Andean foreland basin is an unstable region in terms of river and megafan dynamics (Lundberg et al., 1998; Wilkinsona et al., 2006) , its whole geological set up has been relatively stable since the mid Pliocene, after retraction of the Paranan Sea (Lundberg et al., 1998) . This geological stage, coupled with forest dynamism associated to global glacial cycles, could have set up a scenario of biogeographic contact between regions. A connection through this specific region is supported by the niche models of A. flavirostris, which suggest that at the LGM the region presented suitable habitats for the species (Fig. 4c) , and also by the genetic analysis that supported a contact through Cerrado. Interestingly, there are passerines showing a typical circum-Amazonian distribution (e.g. Platyrhinchus mystaceus) that present an almost continuous distribution at the region of the shortest distance between the Andes and the Brazilian shield (Remsen, 1991) . Another contact point at the Bolivian Andean foreland could be along the hills with wet forest foci at the dry forest region of eastern Bolivia (Santa Cruz) known as Chiquitania. We propose this because there are a few records of A. flavirostris in the region, which actually represent one the closest records of the subspecies devillii to the Andes (Rising, 2011) . Besides, according to the niche model of A. flavirostris, eastern Bolivia could have presented suitable conditions for the species during past periods like the LGM (Fig. 4c) , making the Cerrado connection highly likely.
In addition to a Cerrado connection, a corridor through the Chaco is clearly suggested by the niche models when projected into the LIG (Fig. 4d) . And, even though the genetic analysis gave substantial support for a Cerrado connection, it also suggests that a Chaco connection cannot be left unconsidered. Accordingly, a corridor through Chaco could have existed, but with less biographic importance than the alternative Cerrado corridor. For example, such a Chaco corridor could have lasted shorter or could have been narrower than a Cerrado corridor. An alternative explanation for the dissimilar support given by the niche models and the genetic analysis for a Chaco connection would imply that the Andean and Atlantic populations had been already reproductively isolation when contacted through a putative corridor in the Chaco. Under this scenario, the niche models would have indicated an effective population contact in the Chaco, but because gene flow could have been minimum or inexistent, the genetic analysis would have not supported such connection.
The evidence in favor of the existence of rainforest that could have allowed a Chaco connection during the Late Pleistocene is mixed. The few palaeobotanical and paleontological studies available for the Chaco indicate that its characteristic dry vegetation has been present for most of the Pleistocene (Contreras et al., 2015; Zurita et al., 2014 Zurita et al., , 2009 , and that the course of their rivers and associated gallery forests have been very unstable (Adamoli et al., 1990; Ramella and Spichiger, 1989; Sennhauser, 1991; Wilkinsona et al., 2006) , but also suggest the existence of short periods with humid and tropical climates (Turchetto-Zolet et al., 2016; Zurita et al., 2014) , which might have allowed short periods of wet forest expansions and bouts of gene flow in rainforest organisms. More studies on the Pleistocene history of Chaco are needed to evaluate their paleoenvironments and to confirm the presence of stable humid forests (e.g., gallery or continue forest) that could have allowed establishment of wet forest species in the region.
Andean and Atlantic forests as a refugia system
Our study supports that the Andean and the Atlantic forests act as a refugia system, and therefore that their current isolation and past geographic dynamics are important for the evolution of forest-dwelling taxa. Accordingly, we expected to find a strong phylogeographic divergence in A. flavirostris between these forest domains, which was supported by the data. Also, we expected that the paleodistribution models indicated a continuous distribution between the Andean and the Atlantic forests, which is also supported (Fig. 4) .
Other forest taxa with allopatric populations restricted to both the Andean and Atlantic forests present their deepest phylogeographic gap between these regions (Faivovich et al., 2005 (Faivovich et al., , 2004 Nores, 1992; Pavan et al., 2014; Percequillo et al., 2011; Ribas and Miyaki, 2007; Rocha et al., 2014) , in agreement with our results. Even though the number of studied taxa is very low, there seems to be heterogeneity across taxa in the temporal divergence between populations restricted to each forest, which suggest that multiple biogeographic contacts could have occurred between these regions (Smith et al., 2014) . For instance, the divergence between the Andean and the Atlantic populations in a sample of three of passerines varied from 1.5 My (Elaenia obscura), to about 1 My and 0.15 My (Syndactylla rufosuperciliata and Pipraidea melanonota, respectively) (Cabanne et al., unpublished; Chaves et al., 2008; Lavinia, 2016; Rheindt et al., 2008) . Additional examples of taxa with a strong phylogeographic gaps between the Andean and the Atlantic forests are hylid frogs (Faivovich et al., 2005 (Faivovich et al., , 2004 , some sister taxa of cricetid rodents (Percequillo et al., 2011) , woodcreepers of the genus Lepidocolaptes (Arbeláez-Cortés et al., 2012) and parrots of the genus Pionus (Ribas and Miyaki, 2007) .
A scenario of multiple biogeographic contacts between the Andean and the Atlantic forests is also suggested by the paleodistribution models of A. flavirostris, as well as by the cyclical nature of glaciations. Our paleodistribution models (Fig. 4) suggested contact through Cerrado during the LGM, and likely through Chaco during LIG. These paleodistribution models only spanned the last 0.120 My, but because at least the last five glacial cycles have been similar in time interval and intensity (Lisiecki and Raymo, 2005) , the modeled scenarios of Fig. 4 could have been recurrent across the Quaternary. Therefore, the Andean and the Atlantic forests could have been connected during multiple occasions in the past, and species shared between these forests could have undergone recurrent cycles of vicariance, divergence and secondary contacts. These cycles could have been significant to drive evolution of these organisms and or to allow colonization of new biomes. However, because responses to habitat shifts are species specific (Burney and Brumfield, 2009; Cabanne et al., 2016; Porto et al., 2012; Smith et al., 2014) , comparative studies are necessary to obtain a full understanding of the evolutionary role of the biogeographic links between Neotropical forests.
Molecular systematics of Arremon flavirostris and allies
We suggest to split A. flavirostris into two full species (A. flavirostris and A. dorbignii). The current species is divided in two divergent genetic lineages that are completely isolated: subspecies dorbignii (central Andes rainforests) and the lineage of flavirostris, devillii and polionotus (Atlantic Forest and gallery forests in the Cerrado and Chaco). These two lineages are morphologically diagnosible (Fig. 2a) ; i.e. dorbignii has longer eyebrow starting at the napeforehead (not at the upper-eye), a narrower pectoral band (Hellmayr, 1938) and a unique song (Buainain et al., 2016) . These two lineages could be considered full species according to different species concepts. For example, according to the phylogenetic concept (Cracraft, 1983) , they are full species because represent monophyletic populations (Fig. 5b) . Also, according to the general lineage species concept (de Queiroz, 1998) , they represent independent evolutionary lineages (i.e., migration between them M < 1) that are morphologically diagnosable. Finally, it is not clear if both populations could be separated according to the biological species concept. Even though there is very low gene flow between the Andean and the Atlantic Forest populations, indicating no interbreeding, and they are phenotypically diagnosable (plumage and song), it is impossible to show that both populations would not hybridize if their geographic ranges met (but see Buainain et al., 2016) .
Regarding the other subspecies (flavirostris, devillii and polionotus), our analysis did not support them as independent evolutionary entities (Figs. 2 and 5b) (but see Buainain et al., 2016) . These subspecies are similar morphologically, with the only difference between them the color of their back plumage (e.g. green in flavirostris; grey in devillii and polionotus) (Hellmayr, 1938; Silva, 1991) . However, since they are not genetically divergent (Fig. 5b) , we do not suggest considering them as full species. These subspecies of A. flavirostris inhabiting the Cerrado and the Atlantic forest present an interesting example of recent evolution of populations, where there is no significant genetic isolation but there is a remarkable phenotypic variation across the region. Perhaps, it would be a product of divergent selection with gene flow across the axis ChacoAtlantic Forest-Cerrado, where green-backed birds could be positively favored in more humid habitats (i.e., central Atlantic forest and gallery forests in the eastern Cerrado), while grey-backed birds would be favored in drier forests (i.e., eastern Chaco, southern Atlantic forest and western Cerrado). This hypothesis is compatible with the fact that the only other member of Arremon with a grey back (A. abeillei) also inhabits dry and semideciduous forests. Despite of these subspecies do not represent independent evolutionary lineages, they apparently are a good representation of different ongoing evolutionary phenomena in the group.
Our phylogenetic study also shed light onto the evolutionary identity of A. franciscanus (Fig. 5) ; we showed for the first time A. franciscanus is an independent evolutionary lineage. This species inhabits shrubs and arboreal Caatinga in a portion of central Bahia and northern Minas Gerais, Brazil (Ridgely and Tudor, 2009 ). Their habitat is being degraded and deforested rapidly, and then it is considered near threatened (Rising, 2011) . Particularly, A. fransicanus plumage resembles A. semitorquatus (Raposo, 1997) , and up to now there was not any study addressing its genetic identity.
Conclusions
We suggest splitting A. flavirostris into two full species. The majority of the species shared between the Andean and the Atlantic forests have subspecies that correspond to these regions, most of them not studied from the genetic standpoint. We hypothesize that many of those species will also show a pattern of isolation between forests, a result that would have important consequences for taxonomy and biodiversity conservation.
Our study with A. flavirostris supports that the Pleistocene glacial cycles altered ranges of tropical organisms and promoted biogeographic links between forested domains during different climate phases. Our results indicate that the tropical Andes and the Atlantic Forest biodiversity interacted by cycles of connections through a main Cerrado corridor -during glacial maxima-, and perhaps also through a Chaco corridor -during interglacial periods-. These recurrent cycles of connection between the Andean and the Atlantic forests could have been important in the process of avian diversification in the Neotropics. 
